Autophagy, a highly conserved lysosomal degradation pathway, was initially characterized as a bulk degradation system induced in response to starvation. In recent years, autophagy has emerged also as a highly selective pathway, targeting various cargoes such as aggregated proteins and damaged organelles for degradation. The key factors involved in selective autophagy are autophagy receptors and adaptor proteins, which connect the cargo to the core autophagy machinery. In this review, we discuss the current knowledge about the only mammalian adaptor protein identified thus far, autophagy-linked FYVE protein (ALFY). ALFY is a large, scaffolding, multidomain protein implicated in the selective degradation of ubiquitinated protein aggregates by autophagy. We also comment on the possible role of ALFY in the context of disease.
Facts
Selective autophagy relies upon specific autophagy receptors and adaptor proteins that link the cargo with the core autophagic machinery. The autophagy receptor p62 interacts directly with ubiquitin and with microtubule-associated protein 1 light chain 3, thereby facilitating autophagic degradation of ubiquitinated cargo. p62 interacts directly with the adaptor protein ALFY and both are involved in the formation and autophagic degradation of ubiquitinated protein aggregates. ALFY links ubiquitinated proteins to the core autophagic machinery through interactions of its C-terminal Pleckstrin homology-Beige and Chediak-Higashi domain with p62, its WD40 domain with autophagy-related gene (Atg5) and its FYVE domain with phosphatidylinositol 3-phosphate. Overexpression of an ALFY C-terminal fragment led to a significant reduction of protein aggregates in a primary neuronal model of Huntington's disease and was neuroprotective in a Drosophila eye model of polyQ disease.
Open Questions
How are the various types of selective autophagy regulated? What are the ligands targeting different cargoes for autophagic degradation? Which autophagy receptors and adaptor proteins are involved in recognition of the various types of cargo for selective autophagy?
Is ALFY required for other types of selective autophagy than aggrephagy? What is the role of ALFY and p62 nucleocytoplasmic shuttling?
Autophagy is an evolutionary conserved catabolic pathway found in all eukaryotes involving delivery of cytoplasmic components to the lysosome for degradation. Macroautophagy (hereafter referred to as autophagy) involves nucleation of a unique membrane structure (the phagophore), which expands around parts of the cytoplasm to form a double-membrane vesicle called the autophagosome. Autophagosomes can fuse directly with the lysosome or first with endocytic vesicles, generating amphisomes, which eventually fuse with lysosomes where the sequestered material is degraded by lysosomal hydrolases. The degradation products are recycled back to the cytoplasm to be used as building blocks for new macromolecules and for energy production. The identification of about 30 conserved autophagy-related gene (Atg) products in the previous decade has provided a growing understanding of the complex process of autophagy. The Atg proteins predominantly make up the core autophagic machinery required for phagophore nucleation and expansion, including four major multi-protein complexes that have been reviewed in detail elsewhere. 1 Briefly, the ULK1 complex, including Atg13, FIP200 and Atg101, is required for phagophore nucleation. 2 The nucleation additionally requires the class III phosphatidylinositol 3-kinase (PI3K) complex I, containing the catalytic and regulatory subunits Vps34 and Vps15, as well as Beclin 1 and ATG14L.
to the site of phagophore nucleation, but its exact function is still unknown. 4 Finally, the two ubiquitin-like proteins Atg12 and microtubule-associated protein 1 (MAP1) (MAP1 light chain 3 (LC3)) (the homolog of yeast Atg8) and their conjugation systems are required for autophagosome formation. 5, 6 Analogous to ubiquitination, Atg12 and LC3 are activated by an E1-like enzyme (Atg7) and conjugated by an E2-like enzyme (Atg10 and Atg3, respectively) to Atg5 or phosphatidylethanolamine (PE), respectively.
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The Atg12-Atg5 conjugate associates with the membrane-bound protein Atg16L to form a high-molecular-weight complex. The Atg12-Atg5-Atg16L complex seems to determine the site of LC3 lipidation and work in an E3-like manner for conjugation of LC3 to PE. 8, 9 Selective Autophagy It is becoming increasingly evident that autophagy is also a highly selective process and that basal levels of autophagy serves a quality control function by selective elimination of specific cellular structures, which could cause cellular damage if not properly removed. Selective autophagy was first described in yeast. The cytoplasm to vacoule targeting (Cvt) pathway involves selective transport of some vacuolar hydrolases from the cytosol to the yeast vacuole 10 and can serve as a model for selective autophagy in higher organisms. A number of organelles have been found to be selectively turned over by autophagy and cargo-specific names have been given to distinguish the various types of selective pathways ( Figure 1) . 11 Some examples include degradation of the ER (reticulophagy or ERphagy), peroxisomes (pexophagy), mitochondria (mitophagy), lipid droplets (lipophagy), zymogen granules (zymophagy) and even parts of the nucleus (nucleophagy). Moreover, pathogens (xenophagy), ribosomes (ribophagy), glycogen particles (glycophagy) and aggregation-prone proteins (aggrephagy) are targeted for degradation by selective autophagy. To perform this quality control function, selective types of autophagy must be able to distinguish cargoes ready for degradation from their functional counterparts. The molecular machinery involved in the regulation of the different forms of selective autophagy is just beginning to become revealed, but it is evident that specific cargo is targeted for degradation by the action of specific cargo-recognizing receptors (called autophagy receptors) and specificity adaptors, which together function to bring the cargo in contact with the core autophagic machinery to allow formation of the autophagosomal membrane around the cargo (Figure 1 ). Although selective autophagy relies on the same molecular core machinery as starvation-induced autophagy, autophagy receptors and adaptors in general seem not to be required for non-selective autophagy.
Autophagy Receptors and Cargo Ligands
Autophagy receptors are defined as proteins being able to interact directly with both the cargo to become degraded and an Atg8/LC3 family member through a specific (WxxL) motif, 12 commonly referred to as the LC3-interacting region (LIR) 13 or the LC3 recognition sequence motif (Figure 1 ). 14 The Atg8/ LC3 family includes LC3A, LC3B, LC3B2, LC3C, GABARAP, GABARAP-L1/GEC-1 and GATE-16/GABARAP-L2/GEF2 15 and whereas most autophagy receptors have been found to interact with several family members in vitro their in vivobinding specificities remain elusive. It should also be pointed out that not all LIR-containing proteins are autophagy receptors. Some LIR-containing proteins are recruited to autophagic membranes to facilitate autophagosome formation, 16, 17 whereas others interact with LC3 to facilitate autophagosome transport and maturation 18, 19 or use their LIR motif to be targeted for degradation themselves. 20 The list of autophagy receptors is rapidly expanding and it is also becoming evident that a particular cargo may be recognized by several autophagy receptors. Autophagy receptors have so far been implicated in the degradation of bacteria (p62/SQSTM1, [21] [22] [23] NDP52 24 and optineurin 25 ), viral particles (p62), 26 mitochondria (p62, Nix/Bnip3L and Atg32), [27] [28] [29] [30] [31] peroxisomes (p62 and Atg30), 32,33 midbody remnant (p62 and NBR1), 34, 35 glycogen particles 36 and in the Cvt pathway (Atg19 and Atg34). 10, 37, 38 The ligands responsible for selective recognition of cargo can be defined as a molecular entity on the surface of a cargo recognized by an autophagy receptor (Figure 1 ). Such ligands are yet largely unknown, but have been identified for some autophagy cargoes. Addition of ubiquitin to cargo-specific proteins on mitochondria, peroxisomes, 39 protein aggregates 40 and bacteria 41 can serve as a signal for selective recognition of such structures by autophagy receptors. The autophagy receptors p62, NBR1, NDP52 and optineurin all have ubiquitin-interacting domains, as well as a LIR motif, and thereby facilitate autophagic degradation of ubiquitinated cargo. 40, 41 However, neither the identity of the cargo proteins becoming ubiquitinated, nor the ligases or the type of ubiquitin modification involved are known in most cases. Moreover, it is clear that some cargo (e.g. mitochondria) can be targeted for selective autophagy independently of ubiquitin, and also that autophagy receptors as p62 can directly recognize cargo independently of ubiquitin.
40 p62 is the first described and Figure 1 Model for selective autophagy. Selective autophagy depends on autophagy receptors and adaptors linking the cargo to become degraded to the autophagic membranes. The cargo is recognized by an autophagy receptor that has a specific ligand-binding domain (e.g. an ubiquitin-binding domain) as well as a motif known as LIR, mediating its interaction with Atg8/LC3 family proteins. An adaptor protein (e.g. ALFY) further facilitate sequestration of the specific cargo by linking the cargo-receptor complex to core Atg proteins. Cargo-specific names have been given to describe the various types of selective autophagy, including xenophagy (invasive pathogens), mitophagy (mitochondria), pexophagy (peroxisomes), aggrephagy (aberrant protein aggregates and disease-related inclusions) and glycophagy (glycogen particles) best studied autophagy receptor and its role in targeting protein aggregates for autophagic degradation will be discussed in more detail below. 42 
Adaptor Proteins
The adaptor proteins are less well described, but can be defined as scaffolding proteins, which interact both with the cargo-autophagy receptor complex and with components of the core Atg machinery to facilitate formation of the autophagosomal membrane around the cargo to be degraded ( Figure 1 ). The best described adaptor protein is yeast Atg11, involved in the Cvt pathway, 43 mitophagy 28,44 and pexophagy. 45 The Cvt pathway is a biosynthetic process involving transport of some vacuolar hydrolases (e.g. the precursor aminopeptidase 1 (prApe1) complex) from the cytosol to the vacuole. The cytosolic ApeI complex is recognized by the autophagy receptor Atg19. Before binding to Atg8, the prApe1-Atg19 complex binds directly to Atg11, which transports the complex to the pre-autophagosomal structure (PAS) through an interaction with the actin cytoskeleton. 43 Atg11 also interacts with Atg9 and the Atg1/ULK complex and thereby serves to scaffold the machinery required for sequestration of the ApeI complex into small, autophagosome-like, Cvt vesicles. 46 Interestingly, increased Atg11 expression facilitates recruitment of Atg8 and Atg9 to the PAS and formation of more Cvt vesicles, suggesting that Atg11 can regulate the rate of selective autophagy.
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Atg11 interacts also with the autophagy receptors Atg30 (pexophagy) 45 and Atg32 (mitophagy) 28, 44 and likely has a similar role in selective autophagy of these cargo, but it is not required for non-selective starvation-induced autophagy.
Similarly to the lack of homology between the mammalian autophagy receptors and Atg19, mammalian cells appear to not possess an Atg11 homolouge. Instead, the large scaffolding protein autophagy-linked FYVE protein (ALFY) has a similar function in selective autophagy in mammalian cells. ALFY interacts directly with the autophagy receptor p62 and with the core autophagy protein Atg5, as well as with phosphatidylinositol 3-phosphate (PI3P) found in autophagic membranes, suggesting that it functions as a scaffolding protein. 47 (Figure 2 , indicated as regions of interest I, II and III). Most notable of these is region I (residues 247-351 of ALFY) that is similar to a large part of the TBC domain of 'TBC1 domain family member 30'. The TBC domain is found in a wide range of different proteins including GTPase-activating proteins (GAPs), 50 suggesting that ALFY might have GAP activity. Other regions of interest include residues 842-923 [II], similar to part of the 'origin recognition complex subunit 2' and 2281-2397 [III] that is similar to a part of the 'BCL-2-associated transcription factor 1'. The mentioned regions are generally conserved in the proteins most closely related to ALFY (Figure 2 ). The C-terminal region of ALFY contains several domains implicated in membrane trafficking; a typical FYVE domain, five WD40 repeats and a Pleckstrin homology (PH)-Beige and Chediak-Higashi (BEACH) domain assembly ( Figure 2 ). The FYVE domain is a zinc finger shown to interact specifically with PI3P. 51 Most members of the FYVE family localize to early endosomes and multi-vesicular bodies, structures highly enriched in PI3P. 52 The FYVE domain of ALFY interacts specifically with PI3P, but shows little or no colocalization with endosomes. ALFY rather colocalizes with ubiquitin-and p62-positive protein aggregates and to a certain degree with autophagic membranes. 47 Recruitment of ALFY to protein aggregates seems not to depend on its binding to PI3P. 47 However, as the class III PI3K/Vps34 complex, and by extension PI3P, is required for aggrephagy, ALFY may be involved in recruting PI3P-containing autophagic membranes to protein aggregates.
From sequence analysis ALFY is predicted to have five WD40 repeats, which are found to be essential for its interaction with Atg5. 48 WD40 domains exist in a wide variety of eukaryotic proteins and typically form a seven bladed bpropeller structure to which proteins can bind either stably or reversibly. 53 Most likely, the WD40 domain of ALFY can form a complete b-propeller structure without having seven WD40 repeats, but it also possible that WD40 repeats need to be donated from other interaction partners to complete the b-propeller. Finally, ALFY contains a PH-like domain followed by a BEACH domain. 54 PH domains are generally involved in interaction with phosphoinositides or mediate protein-protein interactions. The PH-like domain of the small human BEACH protein factor associated with neural sphingomyelinase (FAN) is shown to bind PI(4,5)P2, 55 but it is not known whether the PH-like domain of ALFY is functional. The PH-like and WD40 domains show a moderate degree of conservation throughout human BEACH proteins whereas the BEACH domain is highly conserved. The BEACH domain is present in a family of proteins conserved throughout eukaryotes (Figure 3 ), but nothing is known about its function. In the case of FAN it has been shown that both the PH-like and BEACH domains and the conserved interface between them are essential for its function, suggesting they function as a unit. 54, 56 Interestingly, we found the PH-BEACH domains of ALFY to interact with the autophagy receptor p62. 49 Hence, the C-terminal one third of ALFY contains several domains that together have the ability to connect cargo to the autophagic machinery; a p62-binding PH-BEACH domain, an Atg5-binding WD40 domain and a FYVE domain binding to PI3P (Figure 2) . Depletion of ALFY prevented efficient recruitment of Atg5, as well as LC3, to protein inclusions formed by expression of huntingtin (Htt)-polyQ, suggesting that ALFY might aid the stability of the interaction between LC3 and p62 or itself interact with LC3. 48 As the Atg5-Atg12 conjugate has E3-ligase activity for conjugation of LC3 to PE, 9 ALFY may bring Atg5 to the inclusion to facilitate LC3 lipidation, which allows formation of the autophagosomal membrane. This scenario fits with the general concept of selective autophagy, which implies that each cargo is specifically recognized followed by formation of the autophagic membrane closely to the target, thus excluding bulk cytoplasm.
ALFY and p62 in Cytoplasmic Protein Aggregate Clearance
Protein aggregation starts with misfolded proteins forming oligomeric intermediates that can mature into small protein aggregates and in some cases continue to multimerize into larger aggregates or inclusions. 57, 58 The ubiquitinproteasome system (UPS) is a well-characterized pathway for degradation of misfolded proteins. However, as proteins must pass through the narrow barrel-shaped proteasome, oligomeric complexes and larger protein aggregates are poor substrates for the UPS 59 and can instead become degraded by autophagy (aggrephagy). The autophagy receptor p62 is a component of protein aggregates associated with several neurodegenerative diseases, supporting the idea of aggregates being toxic species that need to undergo proteolysis. 60, 61 Interestingly, whereas inclusions found in autophagy-deficient cells are positive for both ubiquitin and p62, loss of p62 combined with a deficiency in autophagy greatly reduces the formation of ubiquitin inclusions in mice and flies, 62, 63 indicating that p62 is involved in the formation of protein aggregates. In line with the in vivo data, p62 has been shown to be required for the formation of ubiquitinated protein aggregates, also called p62 bodies, sequestosomes or aggresome-like inducible structures formed upon cellular stress. 42, 64 Importantly, p62 is able to homopolymerize via its N-terminal Phox and Bem1p (PB1) domain and this property, together with its ubiquitin-binding UBA domain, is essential for assembly of aggregation-prone proteins into aggregates that can be degraded by autophagy (Figure 4 ). 14, 65 Under normal conditions ALFY is predominantly localized to the nucleus and undergoes continuous nucleocytoplasmic shuttling. 47 Upon cellular stress leading to protein aggregate formation ALFY relocates from the nucleus to cytoplasmic p62 bodies ( Figure 4) . It is not known what signals ALFY nuclear export upon protein aggregate formation, but p62 might be involved as discussed below. Similar to p62 (and NBR1), depletion of ALFY resulted in a reduced number and size of cytoplasmic p62 bodies and a diffuse localization of ubiquitinated proteins in cells treated with puromycin or the lysosomal proton pump inhibitor Bafilomycin A1. 49 However, whereas insoluble ubiquitinated proteins almost disappeared in p62 depleted cells, such proteins were still detected in ALFY depleted cells, although at a much lower level than seen in control cells. Moreover, the Drosophila p62 homolog Ref2p was shown to accumulate in ubiquitin-positive inclusions in the brains of flies carrying mutations in the ALFY homolog blue cheese (bchs), demonstrating that ALFY is required for Figure 4 (a) Model for selective autophagy of protein aggregates/p62 bodies (aggrephagy). Aggregate-prone proteins (cargo) become ubiquitinated (ligand) and can be recognized by the ubiquitin-binding domain of the autophagy receptor p62. p62 Further drives the formation of aggregates through its ability to self polymerize via its PB1 domain. ALFY is then recruited through its interaction with p62 and facilitates sequestration of the oligomeric proteins into larger aggregates that can become degraded by autophagy. ALFY is required for recruitment of Atg5-Atg12 to the protein aggregate and through its binding to PI3P in the autophagic membrane it may facilitate binding of Atg5-Atg12 to the membrane associated Atg16L1, creating a complex shown to function as an E3-like ligase to allow conjugation of LC3 to PE in the membrane. ALFY is recruited from the nucleus to cytoplasmic p62 and ubiquitin-positive structures formed upon cellular stress in a p62-dependent manner. In the nucleus, p62 and ALFY are important for recruiting ubiquitinated misfolded proteins into PML-NBs the degradation of p62-associated ubiquitinated proteins in vivo. In contrast, bchs did not accumulate in flies lacking a functional Ref2p. Taken together, these data indicate that p62 binds aggregation-prone ubiquitinated proteins and through its PB1 domain facilitates the formation of microaggregates that can be combined and deposited into larger aggregates by ALFY (Figure 4) . The large size of ALFY suggests that it works as a scaffolding protein promoting the assembly of p62 bodies and their subsequent degradation by autophagy. Supporting this model is the fact that degradation of ALFY by autophagy depends on p62, whereas p62 is turned over by autophagy independent of ubiquitinated proteins and ALFY. 49 This might reflect the need for a tight control of the level of p62 as discussed below.
ALFY and p62 in the Nucleus
Both ALFY and p62 are reported to undergo nucleocytoplasmic shuttling and to localize to promyelocytic leukemia nuclear bodies (PML-NBs) (Figure 4) . 48, 66 PML-NBs has been associated with a broad specter of nuclear processes such as transcription, DNA repair, stress, proteolysis and apoptosis. [67] [68] [69] Both p62 and ALFY were found to be required for recruitment of ubiquitinated proteins to these nuclear bodies, 49 although it cannot be excluded that they rather facilitate recruitment of E3 ligases to PML-NBs for ubiquitination of misfolded proteins. p62 has been suggested to facilitate proteasome recruitment to these sites and thereby help the degradation of misfolded nuclear proteins. 66 The localization of ALFY to PML-NBs is dependent on p62 and vice versa. 49 If and how nuclear aggregates are degraded by autophagy is currently not known, but three different models can be proposed; (i) p62 and ALFY bind and export misfolded ubiquitinated proteins through the nuclear pores, (ii) p62 and ALFY associate to nuclear aggregates that become degraded by autophagy during mitosis when the nuclear membrane breaks down and (iii) p62 and ALFY facilitate sorting of nuclear aggregates into nuclear membrane blebs, which become pinched off and degraded by autophagy in a process similar to yeast piecemeal microautophagy of the nucleus. 70 The finding that the nuclear oncoprotein PML/RARA, expressed in acute promyelocytic leukemia (APL) patients from a chromosomal t(15,17) translocation, is degraded by autophagy in a p62-dependent manner strongly indicate that nuclear aggregate-prone proteins can be targeted by selective autophagy. 71 It will be exciting to learn if ALFY is also involved in PML/RARA degradation and if/how p62 and/or ALFY facilitate recruitment of PML/RARA from the nucleus to the cytoplasm for degradation by autophagy. Successful treatment of APL patients with the drugs all-trans retinoic acid (ATRA) or arsenic trioxide (ATO) relies on their ability to induce proteolytic degradation of PML/RARA, and we recently reported this to be autophagy dependent. 72 Thus, manipulation of autophagy or p62/ALFY levels may improve therapy for APL patients that have become resistant to ATRA/ATO.
ALFY and Neurodegeneration
Drosophila lacking the ALFY homolog bchs have a neurodegenerative phenotype characterized by accumulation of insoluble ubiquitin-positive inclusions in their brain and a reduced life span, 73 indicating that ALFY is important for degradation of aggregation-prone ubiquitinated proteins also in vivo. Confocal immunofluorescence and biochemical analysis revealed that ALFY forms a complex with polyQ protein-containing inclusions associated with Huntington's disease (HD). Furthermore, ALFY was required for efficient clearance of such inclusions by autophagy in two different tetregulatable cell lines (HeLa and Neuro2a). 48 In contrast, ALFY depletion had no effect on the clearance of soluble Htt-Q25 proteins, indicating that ALFY is specifically required for turnover of aggregation-prone Htt proteins. Moreover, double knock down of ALFY and Atg5 did not result in further inhibition of clearance, suggesting that they function in a common autophagy pathway. Most intriguingly, whereas loss of ALFY inhibits inclusion clearance, overexpression of an ALFY C-terminal fragment (residues 2981-3526) caused a significant reduction in the number of Htt polyQ inclusions in rat cortical primary neurons, as well as in HeLa and Neuro2a cells. This rescue effect was not detected when the Atg5-binding site in ALFY, the WD40 domain, was mutated. Furthermore, overexpression of either full length or the C-terminal part of bchs led to neuroprotection in a Drosophila eye model of polyglutamine toxicity. 48 These results indicate that increased ALFY levels can drive elimination of the aggregated proteins, which help to re-establish cell homeostasis. From inducible mouse models of neurodegeneration it is known that a continuous expression of the pathological protein is required to maintain inclusions and the neurodegenerative phenotype, raising the possibility that diseases caused by aggregating proteins (such as HD) may be reversible. [74] [75] [76] [77] [78] [79] [80] [81] [82] It seems like the role of ALFY in aggregate clearance can be extended to other disease-associated aggregate-prone proteins. ALFY depletion inhibited clearance of mutant a-synuclein A53T, linked to Parkinson's disease, and co-immunoprecipitation experiments revealed that a-synuclein is detected in the same complex as Atg5 and ALFY. 48 Furthermore, ALFY, as p62, 34 seems to be involved in selective autophagy of other ubiquitinated structures, such as the midbody ring structure (Isakson et al., unpublished) .
ALFY and Regulation of Selective Autophagy
The mechanisms involved in regulation of selective autophagy are largely unknown, but is likely controlled at the level of autophagy receptors and adaptors. The core Atg machinery is required for both non-selective and selective autophagy and a competition between these two types of autophagy for the same molecular machinery could be detrimental for cells undergoing starvation. Tissue expression levels of ALFY (highest in the brain and lowest in the liver) 47 inversely correlate with responsiveness to starvation and suggest that ALFY may be especially important in neurons, non-dividing cells in which removal of toxic aggregation-prone proteins is essential for survival. Thus, regulation of the ALFY level or localization might be a way for the cell to regulate starvationinduced autophagy versus aggrephagy. 83 ALFY is an ideal candidate for such a regulator, as it mainly localizes to the nucleus under normal conditions and becomes recruited to cytoplasmic protein aggregates upon cellular stress. 47 Thus, keeping ALFY in the nucleus when the need for selective autophagy is low would be a way of avoiding toxicity under conditions where non-selective autophagy may be necessary. Interestingly, several other autophagy-related proteins also undergo nucleocytoplasmic shuttling, but in general little is known about the functional consequence of their nuclear shuttling. However, nuclear export of Beclin1 seems to be required for its autophagy and tumor suppressor function. 84 Nucleocytoplasmic shuttling is normally mediated by importin-a binding to a nuclear localization signal (NLS) and exportin-1/CRM1 binding to a nuclear export signal (NES) of the shuttling protein. ALFY contains both NLS and NES signals (Pankiv et al., unpublished) . Interestingly, p62 was found to facilitate nuclear export of ALFY, 49 suggesting that p62 might signal when aggrephagy needs to be activated. p62 is mainly localized in the cytoplasm and its nuclear import is modulated by phosphorylation at or near one of its NLSs. 66 It will be interesting to elucidate whether nucleocytoplasmic shuttling of ALFY is also regulated by post-translational modifications.
ALFY Homologs
As described above, ALFY is a member of the PH-BEACH-WD40 protein family. Just as the BEACH domain is very well conserved through the human protein family, it is also conserved in other species (Figure 3) . Families of BEACH proteins have emerged by duplication events throughout eukayotic evolution correlating with increases in organismal complexity, from one BEACH protein in yeasts to two in Caenorhabditis elegans, four in Drosophila melanogaster and eight in Homo sapiens and Dario. rerio. The zebrafish D. rerio looks like an attractive model organism to study human BEACH proteins as it contains closely related homologs to each human protein.
Putative ALFY orthologues can be found in Drosophila (blue cheese, BCHS), C. elegans (NP_502420) and in zebrafish (XP_001921741). Whereas nothing is known about the C. elegans and zabrafish ortholouges, bchs has been quite well characterized. bchs has extensive homology to ALFY throughout the entire sequence and consistent with the mouse tissue expression profile of ALFY (highest in the brain), 47 bchs seems to be selectively expressed in the fly brain. 85 Moreover, adult flies lacking bchs accumulate ubiquitin-positive inclusions and display a neurodegenerative phenotype, 73 in line with the proposed function of ALFY in autophagic degradation of aggregate-prone proteins. In a screen for genetic modifiers of a gain-of-function (GOF) rough eye phenotype caused by overexpression of bchs, the small GTPase Rab11 was found to enhance this phenotype. Moreover, loss of bchs was found to strongly suppress developmental defects exhibited by rab11 loss-of-function mutants, 85 suggesting that bchs functions during Drosophila development as an antagonist of Rab11-mediated vesicle trafficking. Interestingly, the presence of a putative TBC domain in ALFY/bchs might indicate that bchs negatively regulates Rab11 by promoting its GTPase activity. A similar GOF screen identified genetic interactions with proteins involved in autophagy and endocytic trafficking, as well in the SUMO and ubiquitin signaling pathways. 86 Of the other members of the ALFY subfamily, deletion of the only yeast BEACH gene, BPH1 in Saccharomyces cerevisiae resulted in a vacuolar protein sorting phenotype characterized by increased carboxypeptidase Y secretion and missorting of alkaline phosphatase, indicating that Bph1p is important for sorting from the Golgi to the vacuole. 87 From our phylogenetic analysis Bph1p seems to be most closely related to the ALFY subfamily of BEACH proteins (Figure 3 ), but its role in selective autophagy has not been analyzed. In Dictyostelium discoideum, lvsA is the only BEACH protein of the ALFY subfamily and this protein has been implicated in contractile vacuole function and cytokinesis. 88 The human protein most closely related to ALFY is the WD repeat and FYVE domaincontaining protein 4 (WDFY4) which despite of its name does not contain a complete FYVE domain. It is expressed in immune tissue and mutations in the coding genes have been linked to systemic lupus erythematosus. 89 The fact that there seems to be only one variant of ALFY/WDFY4 in C. elegans and D. melanogaster suggests that ALFY and WDFY4 have arisen by a gene duplication and therefore might have similar functions. Although little is known about most PH-BEACH-WD40-domain-containing proteins, the ones that have been studied so far are all involved in protein sorting related to establishing, maintaining and/or transporting vesicular systems, so it seems likely that this is a defining characteristic of the protein family.
Concluding Remarks
Autophagy was long considered a non-selective bulk protein degradation system, but recent work has demonstrated that it is also a highly selective process involving recognition of specific cargo by autophagy receptors, which together with adaptor proteins link the cargo to the core autophagy machinery to allow its sequestration by autophagic membranes. Although this is an active area of study, there are still several important questions that remains to be elucidated. For example, how are the various types of selective autophagy regulated? What are the ligands involved in targeting different cargo for selective autophagy? Which autophagy receptors and adaptor proteins are involved in recognition of the various types of cargo? Increased knowledge about the various types of selective autophagy is important as they serve a protective function by removing intracellular pathogens, damaged proteins and organelles that could be potentially dangerous for the cell.
Accumulation of ubiquitinated protein aggregates is a common feature of many neurodegenerative disorders, as well as a number of other protein aggregation diseases (proteinopathies) including those affecting the muscles, heart and liver. Induced autophagy enhance the degradation of aggregate-prone proteins and alleviate their cytotoxic effects across many of these diseases. 90 It is therefore tempting to speculate that manipulation of aggrephagy through regulation of autophagy receptors and/or adaptors could improve therapy against many proteinopathies. The p62-interacting adaptor protein ALFY is required for aggrephagy, but not for autophagic degradation of bulk cytosol in response to starvation. As the tissue expression levels of ALFY inversely correlate with responsiveness to starvation, regulation of ALFY might be a way for the cell to regulate starvationinduced versus selective autophagy. Indeed, overexpression of ALFY or its C-terminal p62-, Atg5-and PI3P-binding region was found to decrease the number of protein inclusions in primary neurons expressing polyQ Htt and be neuroprotective in a Drosophila eye model of polyQ disease, indicating that increased ALFY levels stimulate aggrephagy. 48 ALFY is mostly localized in the nucleus under normal conditions and becomes recruited to the cytoplasm during conditions favoring the formation of protein aggregates. 47 Keeping ALFY in the nucleus under normal conditions might be important, as cytoplasmic ALFY, through its interactions with the core autophagic machinery might prevent the cell from mounting an efficient autophagic response upon starvation. How this is regulated is not known, but p62 might signal the need for elevated levels of aggrephagy. Thus, regulation of ALFY and/or p62 nucleocytoplasmic shuttling could be exploited therapeutically to enhance clearance of protein aggregates. It will be interesting to learn whether ALFY, as yeast Atg11, is also involved in other forms of selective autophagy and whether other adaptor proteins of mammalian autophagy exist.
